The interplay between erosion and deposition are fundamental characteristics of river basins. These processes result in the delivery, retention and conveyance of sediment through river systems. Although the delivery of sediment to rivers is a natural phenomenon, in recent years there has been increasing concern about the enhancement of sediment loadings as a result of anthropogenic activities. The presence of macrophytes in river channels tends to increase the retention of fine sediment leading to changes in bed composition. However, a complex relationship exists between macrophytes and fine sediment: macrophytes affect the conveyance of fine sediment and are, in turn, affected by the sediment loading. This review deals with these two reciprocal effects and, in particular, summarizes the available evidence base on the impact of fine sediment on macrophytes. Increased inputs of fine sediment appear to have both direct and indirect impacts on the macrophyte community, altering light availability, and the structure and quality of the river bed. The nature of these impacts depends largely on the rate of deposition and the nature of the material deposited. Changes in macrophyte community composition may ensue where the depositing material is more nutrient rich than the natural river bed. Many of the changes in macrophyte flora that occur with increased fine sediment inputs are likely to closely parallel those that occur with increased dissolved nutrient availability. If attempts to manage nutrient inputs to rivers are to achieve their goals, it is critical that fine sediment-associated nutrient dynamics and transfers are considered.
INTRODUCTION
The interplay between erosion and deposition represents a fundamental characteristic of river systems, which has important implications for channel processes and ecological functioning. Although the delivery of sediment to rivers is a natural phenomenon, in recent years there has been increasing concern about the influence of human activities on the amount of fine sediment (i.e. <2 mm in size encompassing inorganic sand (<2000 to >62 mm), silt (<62 to >4 mm) and clay (<4 mm), and organic particles) delivered to rivers. The mobilization of fine sediment to rivers is enhanced by activities such as agriculture (e.g. Collins and Walling, 2007) , forestry operations (e.g. Davies and Nelson, 1993) , construction (e.g. Angermeier et al., 2004) , mining (e.g. Turnpenny and Williams, 1980) and the urbanization of catchments (e.g. Hogg and Norris, 1991) , with the quality, quantity and timing of the sediment loads received by rivers being dependent on key sources and delivery pathways.
Increased inputs of fine sediment can lead to marked physical modifications of the river environment (Owens et al., 2005) with consequent ecological impacts (Waters, 1995; Armitage, 1997, 1999; Bilotta and Brazier, 2008) . Here, we review the relationships between fine sediment and aquatic macrophytes (photosynthetic organisms easily visible with the naked eye, including vascular plants, bryophytes and macroalgae). A complex relationship is evident: macrophytes create a diversity of flow conditions, which affects the conveyance of fine sediment and, in turn, the sediment load affects macrophytes. We will deal with these two reciprocal effects in turn, though in reality, they are closely interlinked.
THE IMPACTS OF MACROPHYTES ON SEDIMENT TRANSFER AND CONVEYANCE
Aquatic macrophytes are an artificial (multiphyletic) group of large (macroscopic) photosynthetic organisms usually growing with their roots in soil (or water) above which is a layer of water. Due to their physical presence, macrophytes physically block the volume available for water movement as well as creating flow resistance (Green, 2006; Bal and Meire 2009 ). This results in turbulent energy dissipation, creating areas of low velocity and bed shear stress that encourages deposition of fine organic and inorganic particles (Barko et al., 1991; Barko and James, 1998) . The extent to which macrophytes affect the flow is dependent upon the morphology, flexibility and density of stems (Sand-Jensen and Mebus, 1996; Sand-Jensen, 1998; Sand-Jensen and Pedersen, 1999; Asaeda et al., 2005; Cotton et al., 2006; Naden et al., 2006; Puijalon and Bornette, 2006; Wharton et al., 2006; Bornette et al., 2008; Puijalon et al., 2008) . The greater the resistance of the plants present, the greater the retention of sediment (Sand-Jensen et al., 1989; SandJensen, 1998; Gurnell et al., 2006) . The term macrophyte encompasses a wide range of morphologies. Broadly these can be described as emergent, floating leaved, submerged and encrusting dependent on where the plant structures are relative to the water surface and substrate, with individual species often displaying plasticity among these growth forms (e.g. Puijalon and Bornette, 2006) . Although the relationship is not absolute, these four categories largely correspond with declining stiffness and resistance as progressively less supportive tissue (largely correlated with dry:fresh mass) is required to maintain the position of the photosynthetic parts of the plant. A further category of plants, namely trees including all woody plants and other large woody debris, could be included together with macrophytes as they represent a particularly large resistance to flow and are associated with high rates of sediment accretion, with considerable influence on the geomorphology of rivers (Gurnell et al., 2008; Sear et al., 2010) . For the purposes of this paper we will exclude large wood and trees, choosing instead to focus on herbaceous plants more typically regarded as macrophytes.
Effects on flow
Despite this heterogeneity of morphology, aquatic macrophytes tend to spread by vegetative growth, forming stands (close groupings of individual shoots), which are relatively homogeneous (within the stand). Although each individual shoot has a boundary layer that influences exchange of dissolved substances (Black et al., 1981) and can be measured (Jones et al., 2000b) , whole stands of macrophytes can be treated as a coherent hydraulic units (Sand-Jensen and Pedersen, 1999) . While there are a range of different definitions (Statzner et al., 2006) , Luhar et al. (2008) summarize the average distributed morphology of macrophyte stands as the frontal area per unit volume, a, and use this parameter to describe the influence of sparse and dense stands of macrophytes on water velocity and turbulence. Where stands are sparse (Drag coefficient Â frontal area index, C D ah < 0.1), the velocity profile within the stand resembles a turbulent boundary layer with relatively high velocity within the vegetated layer and high turbulent stress at the bed (see Figure 1a ). Under these conditions, rates of sediment deposition and remobilization within the stand are only slightly altered compared to those in unvegetated regions, and the macrophytes have little influence on the conveyance of suspended sediment. However, where stands are dense (C D ah > 0.1), the velocity within the vegetation is significantly reduced and a shear layer or mixing layer is developed above the vegetation canopy. This shear layer results in the generation of large coherent Kelvin-Helmholtz vortices, whose strength and penetration into the vegetation layer is determined by the balance between the shear production and canopy dissipation of the turbulent eddies (Nepf et al., 2007; see Figure 1b) . Under these conditions bed shear stress is reduced, sediment is advected into the canopy and sediment accumulates. Once produced, the vortices pass down the plant stand with a characteristic frequency (Ghisalberti and Nepf, 2009) , coherent large, energetic vortices are induced by Kelvin-Helmholtz (KH) instability which have fixed penetration into the stand (d e ) and turbulent stress near the bed is reduced. Once produced, the vortices pass down the plant stand with a characteristic frequency to produce monami (waving) of the plants (not shown). In both sparse and dense canopies shoots and leaves act as grid elements and induce small scale eddies (Redrawn from Luhar et al. 2008) . It should be noted that whilst broadly following this pattern an uneven distribution of biomass along the shoots (e.g. Nuphar, Potamogeton natans, Potamogeton pectinatus) is likely to modify the flow in and around the stand: the description here has been formulated on research using species with strap-like shoots (Zostera c.f. Sparganium, Schoenoplectus, Vallisneria).
upon the flexibility of the shoots and flow (Patil and Singh, 2010) , cause coherent waving of the surface of the plant stand, known as the monami [mo ¼ aquatic plant, nami ¼ wave (Ackerman and Okubo, 1993) ], and reduce drag on the plant Nepf, 2006, 2009) .
Clearly drag, morphology and density have a significant influence on whether plant stands encourage the accumulation of sediment (Luhar et al., 2008) . However, drag and shoot morphology are not fixed; dependent on flow velocity, macrophyte shoots can bend and compress, reducing height, frontal area and, consequently, drag (Sand-Jensen, 2003; Green, 2005b; O'Hare et al., 2007; Sand-Jensen, 2008; Sand-Jensen and Pedersen, 2008) . The flexibility (and morphology) of shoots is critical in determining the extent to which drag can be reduced in faster flows (Green, 2005b (Green, , 2005d . Shoot flexibility appears to be related to the proportion of structural tissues, which can be cellulose, lignin or biogenic silica (Schoelynck et al., 2010) . As the drag force also influences the likelihood of physical damage to the plant and uprooting, flow velocity -itself a function of water discharge and channel morphology as well as plant growth -influences the distribution of macrophyte species. Hence, flexible taxa, with dissected leaves and easily compressible shoots are typical of high velocities, whereas stiff, erect and often emergent taxa predominate in lower velocities (Sand-Jensen et al., 1989; Sand-Jensen and Mebus, 1996) . In the highest velocities only encrusting forms can persist, typically low-stature haptophytes (plants lacking rooting structures; e.g. mosses and attached algae) growing over the surface of stones.
The higher drag within plant stands can divert flow around the stand, resulting in increased velocities and increased scouring, in the unvegetated region, although actual rates of erosion will depend on sediment characteristics and flow velocity (Sand-Jensen et al., 1989; Gambi et al., 1990; SandJensen and Madsen, 1992; Sand-Jensen and Mebus, 1996) . Diversion of flows and scouring appears to occur when macrophytes occupy <0.4 of the bed area [from work undertaken with stands of eelgrass (Zostera marina L.); Ghisalberti and Nepf, 2009] and where macrophytes occupy the margins of the river channel (Gurnell et al., 2006) . Where increased flows around individual stands occur, the stands take on a characteristic shape (see Figure 2 ): erosion at the sides of the stand cause deviation from radial expansion of the stand such that stands become elongated and streamlined in the flow direction (Sand-Jensen and Pedersen, 2008) . Growth of stands in such a form results in a lower increase in frontal area (ah) relative to volume (and therefore biomass) when compared to radial growth, which would produce a spherical form (Sand-Jensen and Pedersen, 2008) . Over larger areas of macrophyte coverage (e.g. eelgrass beds) self-organization can result in banded patterns, as stems encourage deposition but erosion increases with distance from the leading edge van der Heide et al., 2010) . At higher densities of macrophytes (>0.4 of bed), studies of stands of eelgrass indicated that there was insufficient coherence in the channels between plant stands and velocities are reduced throughout, potentially resulting in sediment accumulation in both the vegetated and unvegetated regions (Ghisalberti and Nepf, 2009 ). It should be noted that where flows are low and nutrient levels high, dense growth of filamentous algae (e.g. Cladophora spp.) can cover 100% of the bed resulting in extensive accretion of sediment.
Visual observation indicates that the diversion of flows around stands of macrophytes can cause increased erosion of banks and modification of channel morphology. The distribution of macrophytes within a river channel has considerable influence on the overall resistance to flow, and can be summarized, in part, by a blockage factor describing the proportion of the channel filled with macrophytes (Green, 2005a (Green, , 2005c (Green, , 2006 . Over a wide range of macrophyte densities, blockage factor is a better predictor of the total resistance to flow than the morphology of individual stands (Green, 2006; Luhar et al., 2008) . Field measurement of water velocity within and around stands of submerged macrophytes has been undertaken by many workers, using a variety of techniques, including salt dilution (e.g. Madsen and Warncke, 1983) , hot-wire anemometry (e.g. Losee and Wetzel, 1988; Sand-Jensen and Mebus, 1996; Sand-Jensen and Pedersen, 1999; Bass et al., 2005) , electromagnetic current metering (e.g. Green, 2005d) and acoustic Doppler velocimetry (e.g. Naden et al., 2006; Wharton et al., 2006) . Such work has embraced a range of flow conditions from lakes (Losee and Wetzel, 1993) to fast flowing rivers (e.g. Wharton et al., 2006) , and coastal beds of seagrasses (Ackerman and Okubo, 1993) and kelp (Jackson and Winant, 1983) . The velocity profiles produced tend to show a significant reduction within dense stands of macrophytes, with velocities deep within dense stands being reduced by an order of magnitude compared to velocities outside the stand (Madsen and Warncke, 1983; Losee and Wetzel, 1988; Sand-Jensen and Mebus, 1996; Sand-Jensen and Pedersen, 1999; Cotton et al., 2006; Wharton et al., 2006) but with less of a reduction (SandJensen, 1998) , and even local acceleration (Naden et al., 2006; Wharton et al., 2006) , within sparse stands. The particular form of measured velocity profiles reflects the position of the profile relative to both the channel topography (Gurnell et al., 2006) , the location with respect to and within individual macrophyte stands (Sand-Jensen, 1998; Wharton et al., 2006) , and how much of the water column is occupied by the vegetation (Naden et al., 2006) . The conditions of reduced flow and reduced turbulence within macrophyte stands are conducive to the trapping and retention of fine sediment, and fine sediment tends to accumulate (Sand-Jensen et al., 1989; Sand-Jensen, 1998; Clarke, 2002) . Rates of accumulation vary dependent upon both the supply of fine sediment and the extent to which the macrophytes reduce velocity and turbulence (Sand-Jensen and Mebus, 1996; Sand-Jensen, 1998) , which is largely a function of the vegetation density and position of the macrophyte stand (Green, 2006; Gurnell et al., 2006; Luhar et al., 2008) . Flexibility of macrophytes further influences the accretion of fine sediment: the occurrence of the monami creates high velocities towards the tail of stands of flexible macrophytes and encourages erosion in this region (SandJensen and Mebus, 1996; Sand-Jensen, 1998 ) whereas large coherent vortices, and subsequently substantial deposition, occur in the lea of less flexible plant stands (Green, 2005d) .
Sediment accumulation
Several workers have measured rates of accumulation of sediment ( Table I ), indicating that substantial amounts of material can be retained within stands of plants. Even where rates of accumulation have not been measured, it is clear that the substrate below macrophyte stands can contain significantly more fine sediment than unvegetated areas (Clarke and Wharton, 2001; Clarke, 2002) . This accumulation of fine sediment results in changes in bed morphology (Corenblit et al., 2007) that can further reinforce accumulation: pronounced changes in bed morphology have been recorded in stands of a variety of species of macrophyte (James et al., 2004) . It should be noted that as well as habitat modification through increased deposition and sediment retention, by diversion and acceleration of flows around dense stands of macrophytes, their presence results in modification of bed and channel morphology through increased erosion in the unvegetated regions.
As a biologically active component of the river landscape, many species of macrophytes undergo seasonal fluctuations in biomass as they grow and die-back in the autumn or after flowering (mosses and liverworts are a notable exception where standing stock may represent several years' growth). These fluctuations in biomass result in seasonal variation in the rate of accumulation, typically with high rates of fine sediment accumulation over the spring and early summer followed by intense erosion of the accumulated material (Dawson, 1978 (Dawson, , 1981 Dawson et al., 1978; Champion and Tanner, 2000; Kleeberg et al., 2009) . Downstream loss of retained material can occur with increased flow (Sand-Jensen et al., 1989; Sand-Jensen, 1998; Schulz et al., 2003; James et al., 2004) , or after weed cutting and other management practices (Svendsen and Kronvang, 1993) . However, the coincidence of increased autumn/winter discharge with reduced strength of macrophytes as they die back, leads to increased likelihood of breakage or uprooting of macrophytes and the remobilization of accumulated material, a process that is exacerbated by the lower stability and poor rooting medium presented by the accumulated sediment (Kleeberg et al., 2009) . The likelihood of stem breakage compared to uprooting will depend on the strength of the stems and their resistance to flow. It should be noted that disturbance from flow can occur at any time, such that plant cover appears to be highest in rivers where the variability in flow is lowest (Riis et al., 2008) . As a consequence of reduced resistance, higher velocities have been recorded where there have been plant stands once the plants have died back ). An annual cycle of sediment accretion by Ranunculus penicillatus subsp. pseudofluitans (Syme) Webster, followed by invasion by Rorripa nasturtium-aquaticum (L.) Hayek with further accretion, followed by intense erosion and loss of Rorripa and the majority of the Ranunculus biomass from the stand has been described as being typical of chalk stream headwaters (Dawson, 1978; Dawson et al., 1978; Heppell et al., 2009) . A similar sequence of accumulation and erosion has been described for Danish streams where dense stands of submerged plants, typically Ranunculus peltatus Schrank or Callitriche spp., encourage accretion of sediment and succession to emergent [Berula erecta (Hudson) Cov., Veronica anagallis-aquatica L., Mentha aquatica L.] and eventually terrestrial species which are then washed out during high discharge, although Sand-Jensen (1997) stresses that the return period (or eventual succession to terrestrial vegetation) is dependent upon the frequency of high flow events (which is also true for the R. penicillatus subsp. pseudofluitans -R. nasturtium-aquaticum). It should be noted that increasing accumulation of sediment can be associated with increasing biomass and changing morphology, from submerged to emergent, of individual species, as well as with species succession. A similar seasonal accretion of nutrient rich, fine sediment has been observed within the less dense stands of arrowhead, Sagitaria sagitifolia L., as biomass increases during the peak of the growing season, with subsequent extensive erosion of accumulated material, and release of nutrients, in the autumn and winter (Kleeberg et al., 2009) . As stands of submerged macrophytes grow, flow is directed into unvegetated areas where erosion of the bed may occur Kleeberg et al., 2009) . Despite local increases in velocity, average velocity tends to decline, and flow depth increases with increasing biomass of macrophytes (Gurnell and Midgley, 1994; Jones et al., 2008) , although this relationship is influenced by how evenly macrophyte biomass is distributed across the channel: an uneven distribution has less of an effect. Where macrophyte stands have substantial overwintering biomass, fluctuations in sediment accretion are likely to be less pronounced, although this relationship will be confounded by stream power: less powerful rivers are less likely to remove plant biomass and accumulated sediment during winter flows. Nevertheless, it does appear that in many cases the accumulation of fine sediment within stands of macrophytes may represent transient storage rather than long-term retention. This has important implications for the net transfer of fine sediment-associated nutrients and contaminants through macrophyte-dominated river systems. The occurrence of different macrophyte species is influenced by substrate composition, as well as water depth, chemistry and velocity (Haslam, 1978) . Most of these parameters are influenced by accretion of fine sediment, which in turn has the potential to affect macrophyte species that are capable of growing at that position (see below). Hence, accretion of fine sediment has the tendency to encourage species succession, particularly towards terrestrial species.
Ecological engineering
The ability of macrophytes to encourage accretion of sediment, and hence modify bed morphology and encourage succession, has led to suggestions of positive feedbacks and ecosystem engineering (the creation or modification of habitats) by certain species of macrophyte (Corenblit et al., 2007 (Corenblit et al., , 2009 Peralta et al., 2008) . Although meaningful field tests of community level differences due to positive feedback processes are difficult to procure, it is clear that macrophytes can induce change in habitats, and thus have marked consequences for themselves and other organisms, both in the habitat patches occupied by macrophyte stands and in areas outside the stand where the flow is affected (Reise et al., 2009 ).
THE IMPACTS OF FINE SEDIMENT ON MACROPHYTES

Suspended particles
As well as affecting how macrophytes influence sediment transfer and conveyance, macrophyte morphology has an influence on how fine sediment impacts their growth and survival. As macrophytes require light for photosynthesis, the position of the photosynthetic parts of the plant relative to the water surface is a key control. Any increase in the turbidity of the water column caused by suspended fine sediment will reduce light availability, and hence photosynthesis, and have an impact on the growth of submerged macrophytes, as has been shown with clay additions to experimental streams (Parkhill and Gulliver, 2002) . At its most extreme, constant high turbidity from fine sediment and other particulates suspended in the water column can attenuate light to such an extent that submerged macrophytes are excluded from all but the shallowest (usually marginal) areas (Vermaat and De Bruyne, 1993) . Although the impact of fine sediment turbidity on light attenuation has a less pronounced effect on emergent and floating leaved macrophytes, where the majority of the photosynthetic parts are above the water column, the submerged parts can contribute substantially to the photosynthetic capability of such species, particularly early in the growing season (Delbecque, 1983) .
Nevertheless, high concentrations of inorganic fine sediments in the water column do not tend to occur for prolonged periods, being strongly associated with high flow events; sustained high densities of fine particulates tend to be of biological origin (phytoplankton) rather than eroded inorganic sediment. Where mining activity has resulted in sustained high levels of turbidity, such as streams influenced by placer gold mines in Alaska (Laperriere et al., 1983; Van Nieuwenhuyse and Laperriere, 1986; Lloyd et al., 1987; Pain, 1987) , there is a negative correlation between turbidity (as Nephelometer Turbidity Units: NTU) and primary production (g O 2 m À2 day À1 ). A similar reduction in primary production, benthic cholorophyll and diatom density was reported downstream of gravel extraction in a French river (Rivier and Seguier, 1985) . Lloyd et al. (1987) developed a model that related turbidity to gross primary production, where an increase from 1 to 5 NTU resulted in a decrease of 3-13% of gross primary production, and an increase from 1 to 25 NTU a decrease of 13-50%. However, isolating the effect of turbidity on light availability from the other effects of sediment on macrophytes (see below) is difficult, and requires modelling of light attenuation and determination of the relationship between light and photosynthesis/growth (Sand-Jensen and Madsen, 1991) . Using this approach Vermaat and De Bruyne (1993) established that low light availability due to turbidity (from suspended sediment and phytoplankton) resulted in almost total exclusion of macrophytes in the River Vecht. In the River Spree turbidity (primarily phytoplankton) was responsible for a 45% reduction in light availability at a depth of 0.5 m, although this only had a significant effect on macrophyte growth when combined with shading attributable to bankside vegetation and periphyton (Köhler et al., 2010) .
Abrasion by the passage of suspended fine inorganic particles can damage macrophytes, particularly submerged plants. The submerged leaves of macrophytes tend to be thinner than emergent leaves and lack a cuticle (Sculthorpe, 1985) , adaptations to increase light harvesting and gas exchange underwater Crystal, 1970a, 1970b ). An unfortunate consequence of these adaptations is that submerged leaves are more fragile than emergent or floating ones, and may be more prone to damage by suspended particles. However, it is only at prolonged high concentrations that suspended particles are likely to cause noticeable physical damage to macrophytes and such an effect has yet to be demonstrated in the field (Waters, 1995) . Furthermore, at the high concentrations required to cause significant physical damage other, indirect, effects are apparent that tend to exclude submerged macrophytes.
Deposited particles
Although particulates tend to settle out of the water column (dependent upon the size, weight, and floc formation of particles and the hydrodynamics of the situation) this does not necessarily remove their ability to attenuate light: if particulates settle onto the photosynthetic parts of the plant and remain there, their presence will reduce the light available to the plant beneath. The presence of plant structures within the water column causes particles to deposit on the plants (see Palmer et al., 2004 for details of effects). Furthermore, due to the close proximity of deposited particles scattering of light is enhanced. Hence, the attenuation coefficient of deposited material is greater than the same material in suspension (Sand-Jensen and Borum, 1984; Sand-Jensen, 1990; Vermaat and Hootsmans, 1991) . In fact periphyton (the layer of algae, bacteria, fungi, organic and inorganic particles that grows attached to submerged surfaces including plants) can contribute more to the overall attenuation of light than water depth (SandJensen and Borum, 1984; Sand-Jensen, 1990; Beresford, 2002) . As algae are direct competitors for the light used in photosynthesis, they tend to contribute disproportionately to light (particularly when measured as Photosythetically Active Radiation) attenuation by periphyton. However, settled fine sediments can have a significant impact on light attenuation, with the extent of attenuation dependent upon the concentration and opacity of sediment particles. If the particles are translucent they can actually improve the passage of light through periphyton by acting as a conduit through more optically dense, particularly algal, parts of the layer (Losee and Wetzel, 1983) . Nevertheless, any increased attenuation due to a layer of deposited material will result in reduced photosynthesis and growth of macrophytes.
Following ideas from lakes (Phillips et al., 1978; Jones and Sayer, 2003) , it has been suggested that increased periphyton growth occurs with increased nutrient loading to rivers, with subsequent impacts on the growth of macro-phytes (Hilton et al., 2006) . The effect of shading by periphyton on the growth of river macrophytes has been shown (Köhler et al., 2010) , although the relationship between nutrients and periphyton is less clear (Jones and Sayer, 2003; O'Hare et al., 2010) . Nevertheless, to date there has been no attempt to discriminate between the effects of increased shading as a consequence of deposited fine sediment and those as a consequence of increased algal growth.
Aquatic macrophytes counter the build up of settled particulates and algal growth by the growth of new surfaces. Despite incorrect assertions that periphyton has to reduce the light available to the plants to below the compensation point (irradiance where gross photosynthesis ¼ respiration) to have an impact on macrophyte growth (O'Hare et al., 2010) , any reduction in the light below the saturation point (irradiance where any increase does not result in increased photosynthesis) will have an impact (Sand-Jensen and Madsen, 1991) . A positive feedback will be entered, and plants excluded, when the reduction in photosynthesis is sufficient to reduce growth such that the rate of periphyton accumulation (either by growth or deposition) is faster than the production of new leaves. Whilst the production of new leaves has obvious cost to the plant, the strategy can help fast growing plants keep ahead of settling particles. Slower growing species are more vulnerable to being smothered by fine sediment, particularly short stature, encrusting species such as mosses and liverworts, and communities dominated by these groups (e.g. low nutrient upland streams) are likely to be particularly sensitive to increased inputs of fine sediment. The abundance of mosses declined markedly in river types where they had previously been a major component of the community when fine sediment was experimentally added to rivers in New Zealand (Matthaei et al., 2006) . Similar effects are seen on attached algae (periphyton) growing on stones, and although many species of diatom (i.e. Raphidae) are capable of migrating through layers of deposited material (Eaton and Moss, 1966) , deposition of fine sediment leads to a reduction in periphyton standing stock (Cline et al., 1982; Yamada and Nakamura, 2002) and production (Van Nieuwenhuyse and Laperriere, 1986; Parkhill and Gulliver, 2002) .
The deposition of material on the leaves of macrophytes has an additional impact on photosynthesis. The surfaces of the submerged parts of macrophytes are surrounded by a viscous sub-layer where flow is laminar and parallel to the leaf surface (Leyton, 1975) . This viscous sub-layer is a major restriction on the diffusion of gasses into and out of the plant (Black et al., 1981) . Layers of periphytic algae have been shown to act as hydraulically smooth surfaces where the measured thickness of the viscous sub-layer increases linearly with the thickness of the periphyton attached to the leaf surface (Jones et al., 2000b) . Thus, any increase in the thickness of this layer due to the deposition of fine sediment on the plant's surfaces will increase the distance across which the dissolved gasses carbon dioxide and oxygen must diffuse, considerably reducing the rate of photosynthesis (Black et al., 1981; Jones et al., 2000a) .
Where rapid accretion of sediment occurs, large sections of plants can become buried, which can result in total loss of macrophytes (Edwards, 1969; Brookes, 1986) . Again rapid growth can enable some species of macrophyte to cope with being smothered. The production of adventitious roots, i.e. roots that arise from stem tissues, is a further advantage if stems become buried. Fast growing, emergent species are particularly adept at coping with being smothered; when road construction resulted in the rapid deposition of large quantities of sediment in the river, Ranunculus penicillatus subsp. pseudofluitans could not cope with being smothered whereas Rorippa nasturtium-aquaticum continued to grow through the deposited material (Brookes, 1986) . However, when deposition rates are high even rapidly growing species cannot persist (Edwards, 1969; Brookes, 1986) .
The effects of burial of macrophytes by deposits of fine sediment is not solely restricted to growing shoots; the burial of seeds, turions, tubers and other reproductive propagules affects their ability to establish. Different sensitivities to burial are apparent among taxa (Xiao et al., 2010) and plant propagule type (e.g. seeds vs. turions; Van Wijk, 1989) . Typically, larger propagules are capable of establishing from a greater depth of sediment than smaller ones (Van Wijk, 1988 , 1989 , but other characteristics, such as a light requirement for germination (Coble and Vance, 1987) or oxygen availability , may determine the impact of sediment deposition on propagule establishment. The differences in the ability to cope with smothering must in part explain the succession of species that occurs as sediment accretes within stands of macrophytes (see above), but other changes, especially in flow and light conditions, must also play a role.
Bed composition
Even where the deposition of fine sediment does not bury macrophytes, accretion of sediment can alter the composition of the bed of the river (Barko et al., 1991) . Hence, the medium into which the plants are rooting changes in quality, with a number of inter-related consequences.
The deposition of fine sediment may reduce the grain size distribution of the bed, thereby potentially increasing erodibility and the likelihood that plants will be uprooted during high flow events. The extent of remobilization is dependent on bed sediment quality (grain size, dry weight or organic content), hydrodynamics (bed shear stress, velocity) and bed structure (hiding effects). In the case of cohesive sediment, deposition history, dewatering and biological activity will also be important influences on sediment consolidation and surface sealing (Krishnappan, 2007) . However, the relative importance of these parameters is highly variable and rates of sediment remobilization are context specific (El Ganaoui et al., 2004) . At its most extreme whole banks of deposited sediment can be eroded together with whole beds of associated macrophytes (Dawson, 1981) . Whereas macrophytes tend to produce extensive root networks in coarse grained sediments, either as a stronger holdfast or to sequester the scarcer nutrients in such sediments, resulting in a reduced likelihood of uprooting and a more stable sediment (Boeger, 1992) , fine sediments tend to encourage shallow rooting with the opposite effects. In part, such reduced rooting may be due to the increased nutrient availability in fine sediments (Wang et al., 2009) , but the reduced pore size, and hence lower oxygen penetration by diffusion or mass flow (Pretty et al., 2006) , must also play a role. Furthermore, as deposited fine sediments tend to have a high organic content, microbial activity results in further oxygen depletion, with a consequent impact on root penetration and the stability of the plants growing on such sediments; plants become increasingly prone to dislodging/uprooting. Whilst the growth of sweet flag, Acorus calamus L., a species adapted to growing in highly anoxic soil, was correlated with fertility, it was negatively correlated with organic content (Pai and McCarthy, 2005) . As sediments accrete there is a tendency for those macrophyte species that produce shallow, adventitious roots to be favoured, i.e. rapidly growing, rank species Brookes, 1986; Clarke and Wharton, 2001 ) such as Potamogeton pectinatus L., Elodea and related species, Sparganium spp. and Rorippa nasturtium-aquaticum. Where deposited sediments are deep, anoxic and loose only emergent species with access to aerial oxygen, and those that float above the accreting sediment, such as Glyceria fluitans (L.) R.Br. and Glyceria maxima (Hartman) O.Holmb., are capable of persisting (Willby and Eaton, 1996) . In fast flowing upland streams, where the macrophyte flora is mainly confined to encrusting mosses growing over the surface of stones, the accumulation of relatively nutrient rich, fine sediment patches (often initiated by the presence of mosses) can lead to an increase in species richness and area of the stream bed colonized by macrophytes.
Nutrient availability
Further changes occur as nutrients become more available in the rooting medium as sediments accrete. Fine sediments tend to have high availability of biologically available inorganic nutrients and organic matter (Stutter et al., 2007) : as sediments accrete so the rooting medium becomes more fertile. Furthermore, under the anaerobic conditions that develop in deposited fine sediments microbial activity tends to mineralize organic nutrients. Transformations and availability of sedimentary phosphorus are largely controlled by the environmental conditions within and directly above the sediment, with pH and redox potential (eH) of particular importance (Boström et al., 1988a (Boström et al., , 1988b Enell and Lofgren, 1988; Pettersson et al., 1988) . The main phosphorus transformations in the top 20-30 cm of freshwater sediments are related to the decomposition of organic phosphorus and the subsequent adsorption of the orthophosphate produced (Martinova, 1993) . The behaviour of nitrogen within freshwater sediments is poorly understood. However, it is clear that organic nitrogen can be mineralized under anoxic conditions, and that the ammonia produced can be accessed by macrophytes. As conditions within deposits of fine sediment do not favour nitrification (i.e. lack of oxygen) ammonia may accumulate in these zones. This can be of great benefit to the plants: the nitrogen recycled in the deposits of fine sediment accumulated within stands of Ranunculus penicillatus ssp. pseudofluitans (Syme) S. Webster appears to be assimilated by the plants in preference to sources of dissolved nitrogen in the river water (Trimmer et al., 2009) . Where anoxic conditions occur with plentiful labile organic matter (a frequent condition in deposited fine sediment) denitrification can result in a reduction of nitrate, with potential release of nitric and nitrous oxide (Faafeng and Roseth, 1993; Trimmer et al., 2009) . The rate of denitrification is strongly correlated to the per cent carbon and nitrogen of the sediments, and the per cent of particles <100 mm (Garcia-Ruiz et al., 1998) . The production of methane in deposits of fine sediment occurs also, and much of this methane is vented to the atmosphere via aerenchyma (gas filled channels in the plants connecting roots to shoots) in the macrophytes (Sanders et al., 2007) . Similarly, emergent (Dacey, 1980 (Dacey, , 1987 Dacey and Klug, 1982; Armstrong et al., 1992) and submerged (Sand-Jensen et al., 1982; Caffrey and Kemp, 1991; Flessa, 1994) macrophytes can actively conduct oxygen via arenchyma to their roots by a variety of mechanisms (e.g. Knudsen diffusion, Venturi convection, photosynthetic and humidity pressurization) where it is released to oxidize the surrounding sediment.
Such changes in nutrient availability in the sediment can lead to increased production by macrophytes (Chambers and Kalff, 1985; Chambers and Prepas, 1990; Chambers et al., 1991; Carr and Chambers, 1998; Sagova-Mareckova et al., 2009) . Although certain elements (e.g. nitrogen) may be available in surplus in existing sediments (Carr and Chambers, 1998; Thomaz et al., 2007) , increases in phosphorus availability in the sediment in particular result in increased growth of macrophytes (Chambers et al., 1991; Carr and Chambers, 1998; Heaney et al., 2001; SagovaMareckova et al., 2009) . Again, increasing nutrient availability encourages succession towards more rapidly grow-ing, rank species (Barko et al., 1991; Bornette et al., 2008) . Initially this can lead to an increase in species richness if the un-impacted site was very poor in nutrients (Langlade and Décamps, 1995) , but this soon turns to a decline in richness as competitively dominant species are encouraged (Langlade and Décamps, 1995; Assani et al., 2006; Bornette et al., 2008) . The few experiments that have been undertaken indicate competitive replacement under increased fertility [Potamogeton pectinatus replaced Ranunculus penicillatus subsp. pseudofluitans under increased water phosphorus (Spink et al., 1993) ; Hydrilla verticillata (L. f.) Royle over Vallisneria americana Michx. with increased sediment fertility (Van et al., 1999) ; competitive ability of Elodea nuttallii (Planch.) St. John and Myriophyllum spicatum L. increased with increasing sediment fertility (Angelstein et al., 2009)] . However, there is a balance between the benefits of increasing nutrient availability in deposited fine sediments and the costs of growing in an unstable, anoxic medium. Hence, dependent upon the nature of the sediment that is deposited and changes that occur with accretion, the succession of species growing on accreting sediment are likely to take different trajectories ( Figure 3) . As species typical of low-nutrient substrates are slow-growing, in situations where the deposited sediments are relatively inert (sands) there will be a tendency for loss of macrophytes. Where macrophytes do occur on deposited inert sediments they will in turn tend to increase the fertility and encourage further growth. Where deposits are more fertile, the trajectory of community change will depend largely on the stability of the deposited sediment. Deposits of nutrient rich sediment (relative to the unaltered bed) are likely to lead to succession in the macrophyte community towards fastergrowing, competitively-dominant, usually taller rank species typical of nutrient-rich environments (e.g. Potamogeton pectinatus, Elodea, Glyceria, Rorippa and Sparganium). In fast flowing streams, areas of sediment accretion will suppress slow growing moss species and encourage growths of moss and vascular plant species typical of more nutrient-rich conditions. Where deposits are stable, fast growing, emergent species (or emergent forms) will predominate and eventually terrestrial species will colonize if the deposited material accretes to the water surface. Where the deposits are loose, unstable and highly organic, the community will tend to lose macrophytes rooted directly into the deposited sediment and move towards floating mats of vegetation (e.g. of Glyceria or Rorippa) and, in the absence of flushing flows, sediment will eventually fill beneath floating mats of vegetation and terrestrial species invade (Figure 3) . Irrespective of the nature of the deposited material, slow-growing and low-stature species typical of low-nutrient environments, such as many species of moss, are likely to be lost where loads of fine sediments are increased substantially.
The evidence available indicates that changes in the macrophyte community as a consequence of enhanced deposition of fine sediment derived from human activities in the catchment closely parallel those that are typically associated with increased dissolved nutrient loads (i.e. reduced light penetration to the bed, loss of low-stature slow-growing species, increases in competitively dominant rank species). Correct attribution of the cause of such changes in the flora is vital if appropriate management decisions are to be based on such evidence. Whilst there is often a high degree of commonality in the cause of increased dissolved nutrient and fine sediment loads to river systems, they are frequently derived from different sources and follow different delivery pathways through the catchment. Thus, there are different implications for the management of the sources of these two different inputs. To date, there is no method available to attribute any differences in the macrophyte flora to these two potential causes. More evidence of the equivalent and separate impacts on macrophytes of these two pressures, dissolved nutrients and fine sediments, is required to develop a method that can discern between them. Figure 3 . Conceptual diagram indicating the outcome for the macrophyte community dependent upon the instability and nutrient content of deposited sediments. Loss of macrophytes occurs when deposited sediments are infertile and unstable. Where deposited sediments are fertile and stable the community succeeds to emergent and terrestrial species; where sediments are fertile and unstable the community succeeds to floating mats of species, (in Europe these are typically Glyceria fluitans, Glyceria maxima, and Rorippa nasturtium-aquaticum) eventually to fill in beneath the mat and become terrestrial (dashed arrow). Between these latter two conditions macrophyte growth tends to increase and trap further fine sediments; the nature of the material retained will determine if floating mats or rooted emergent species predominate. It should be noted that the macrophytes are not independent in this process interacting with both sediment fertility and stability, and the stability of deposited sediment is not constant but varies between sites dependent on stream power, and seasonally with flow and macrophyte growth such that the course of succession in the macrophyte community can be reset by high flow events annually (or on longer return periods).
CONCLUSION
Whilst there are several works describing the impact of macrophytes on the retention of sediment and associated substances, there are relatively few describing the converse. This is a fundamental gap in the knowledge of an important stressor of European rivers, which should be addressed. Existing evidence, although limited, indicates that increased inputs of fine sediment have both direct and indirect impacts on the macrophyte community in receiving waters, altering light availability, and the structure and quality of the river bed. The nature of these impacts depends largely on the rate of deposition of fine sediment and the nature of the material deposited. Where deposition rates are high and deposited material largely inert and unstable (sands) the impacts are obvious and plant loss a common feature, but where the depositing material is more nutrient rich subtle changes in macrophyte community composition may ensue. Many of the changes in macrophyte flora that occur with increased fine sediment inputs are likely to parallel closely those that occur with increased dissolved nutrient availability. This is important since it underscores the influence of sedimentbound nutrients entering river systems in directing change in macrophyte communities. Since the methods developed for assessing nutrient impacts on rivers are based on the presence and cover of indicative species (Holmes et al., 1999) , the impacts of increased fine sediment and associated nutrient inputs have the potential to confound assessments of nutrient impact per se and lead to false attribution of the causes of stress on the receptor. If attempts to manage nutrient inputs to river basins are to successfully achieve their goal of improving ecological status, it is critical that the impact of enhanced fine sediment loads is considered at the same time. Biological impacts frequently result from multiple stressors acting on aquatic ecosystems. The challenge is to continue unravelling the additive, synergistic and antagonistic nature of the interplay between these multiple stressors.
